a Nitric oxide is a relatively stable free radical and an important signal molecule in plants, animals, and humans with high relevance for biological processes involving inflammatory processes, e.g. wound healing or cancer. The molecule can be detected in the gas phase of non-thermal plasma jets making it a valuable tool for clinical intervention, but transport efficiency from the gas phase into the liquid phase or tissue remains to be clarified. To elucidate this fact, the nitric oxide concentration in buffered solutions is determined using electron paramagnetic resonance spectroscopy. The origin of the nitric oxide in the liquid could be excluded, therefore, potential precursors such as hydroxyl radicals, superoxide anions, atomic hydrogen and stable species (nitrite, nitrate and hydrogen peroxide) were detected and the potential formation pathway as well as ways of enhancing the production of nitric oxide by alteration of the feed gas and the surrounding gas composition during plasma treatment of the liquid have been pointed out.
Introduction
Nitrogen oxides N x O y are major constituents of cold atmospheric pressure discharge, with N 2 O 5 , NO 2 , N 2 O alongside with HNO 2 and HNO 3 being frequently observed in the gas phase. [1] [2] [3] [4] In plasma treated aqueous liquids, nitrite and nitrate ions are easily observed. Interestingly, also the biologically highly relevant nitric oxide ( NO) can be found in the gas phase and plasma treated liquids, sparking the interest of both fundamental and applied research. 5 The molecule is a comparably stable radical and has a key position in diverse biological cascades like vascular and neuronal signal transduction, cell death, or host defense. [6] [7] [8] The primary targets of NO are specific heme-iron receptors, the soluble or bound guanylate cyclases (GCs), promoting the production of cyclic guanosine monophosphate as the major downstream effector. 9 Clinically, blood and tissue NO levels are relevant for blood pressure regulation, platelet aggregation, control of inflammatory processes, and malignant diseases. 10, 11 Nitric oxide is a doubleedged sword, showing biphasic behaviour, e.g. in oncology; low concentrations undesirably promote tumor cell growth while higher concentration above 200 nM mediate tumor cell apoptosis. 12, 13 Contributing to this are oxidation processes of NO which lead to the formation of N 2 O 3 or nitrogen dioxide ( NO 2 ) and the reaction with superoxide anion radicals (O 2 À ) forming the strong oxidant peroxynitrite (ONOO À ). 14 In contrast, topical application of NO from chemical sources typically show beneficial effects in wound models. 15, 16 Application of nitric oxide, especially topically, is challenging, e.g. due to the poor stability of NO donor compounds or the intricate handling of gaseous NO limiting clinical success. In this regard, cold physical plasma is a modern option to deliver NO in a temporal and spatially controllable manner, rendering it interesting for therapeutic applications, e.g. in non-healing chronic wounds. Previous work has indicated the contribution of plasma derived nitrogen species, especially nitric oxide, on experimentally or clinically observed effects. [17] [18] [19] Further studies showed improved wound healing by cold plasma without specifying the active players but where the role of nitric oxide is discussed. [20] [21] [22] Such an understanding of the deposition and/or generation processes of nitric oxide is key. As the solubility of NO in water is rather low (H cp ( NO) = 1.9 Â 10 À5 M Pa À1 ), and gas phase densities are low to moderate, a mere gas phase generation of NO and its subsequent solvation must be challenged. 23 In opposition, nitric oxide may be generated via chemical reactions between plasma generated reactive nitrogen and oxygen species in the bulk liquid or at the gas-liquid interface. Knowledge of the importance of the latter is growing and several recent publications emphasize its role over that of the bulk liquid. [24] [25] [26] [27] [28] [29] However, as discussed by Bruggeman et al., transport processes, chemical reactions in the bulk gas, the liquid phase, and at the interface occur simultaneously. 30 This makes the segregation of processes challenging, especially with the leak in gas-liquid interface diagnostic approaches. In many systems, the contribution of gas and liquid flow mechanics further escalates complexity ultimately driving research to focus on simulation approaches. Chen et al. modelled the oxygen-based chemistry of a surface helium-oxygen plasma by dividing it into a gas bulk model, a penetration model combined with Henry's law and a reaction chemistry part with the Poisson equation representing the gas-liquid interface, and for the bulk liquid a penetration model with reaction chemistry and the Poisson equation. 31 Verlackt et al. modelled the situation for a plasma jet similar to the one used in the presented study. 27 In their model, they could not find NO in the bulk liquid, only in the interfacial region. Furthermore, their model predicts that long-lived species are mainly generated in the interface either by direct solvation or by reaction of, for instance, NO originated from the gas phase. 27 Here, the mechanism of nitric oxide deposition in physiological liquids by an argon plasma jet (kINPen09) was investigated. Via controlling of the ambient conditions and the working gas composition the possibility to regulate its NO production was tested. Using electron paramagnetic resonance spectroscopy, ion chromatography, and colorimetric assays in combinations with gaseous NO as control, a solvation of plasma derived NO was excluded in favour of its de novo formation in the liquid. Furthermore, several potential gas or liquid phase precursors were ruled out and potentially dominating formation pathways were hypothesised.
Experimental

Plasma treatment
The plasma treatment took place in a 24 well plate using the well-characterized kINPen09 (neoplas GmbH, Greifswald, Germany) -a prior version of the certified medical product, the kINPen s MED (neoplas tools GmbH, Greifswald, Germany) as the plasma source. [32] [33] [34] [35] [36] [37] The plasma jet was equipped with a gas curtain device to enable working in a controlled environment. [38] [39] [40] [41] The total feed gas flow of the kINPen09 was 3 standard litre per minute (slm), using argon (argon N50, Air Liquide, Paris, France) as feed gas with addition of 1% molecular gases, oxygen, and/or nitrogen (oxygen N48, nitrogen N50, Air Liquide, Paris, France). For some experiments, humidification of the feed gas was used; therefore, 1% of the feed gas was guided through a bubbler system (final humidity approximately 300 ppm). In the following, this experimental situation will be referred to as 'humidified feed gas', whereas the situation without explicit humidification of the feed gas will be referred to as 'dry feed gas'. The curtain gas device was fed with N 2 or synthetic air (nitrogen N50, synthetic air: 20.5 AE 0.5% O 2 in N 2 , Air Liquide, Paris, France). A total curtain gas flow rate of 5 slm was used (see Fig. 1 ). Details about the effect of the curtain gas can be found in previous publications. 1, 4, 39, 40 In a 24 well plate, 750 mL of phosphate buffer (Na 2 HPO 4 / H 2 NaPO 4 , Sigma Aldrich; 100 mM, pH 7.3) was treated for 30 s.
The distance between the plasma jet nozzle and the liquid surface was kept at 9 mm.
1 Furthermore, argon gas with 40 ppm NO admixture was guided through the kINPen without igniting the plasma as a positive control. Each data point consists of at least three independent samples; each sample was performed in triplicate. The error bars represent the minimal and maximal deviation of the mean value.
EPR measurements
For the detection of the NO, OH, O 2 À , and H, electron paramagnetic resonance (EPR) spectroscopy was performed. An X-band (9.87 GHz) spectrometer (EMXmicro, Bruker BioSpin GmbH, Rheinstetten, Germany) was used with the following instrument parameters for all measurements: modulation frequency of 100 kHz, modulation amplitude of 0.1 mT, microwave power of 5.024 mW, receiver gain of 30 dB, and time constant of 0.01 ms. Depending on the used spin trap, the magnetic field scan was adjusted. A nitronyl nitroxyl radical (NNR) spin trap, carboxy-PTIO (2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide, sodium salt), with an initial concentration of 60 mM, was used to detect NO, giving an imino nitroxyl radical (INR) as a spin trap adduct with NO, 42 whereas 10 mM BMPO (5-tertbutoxycarbonyl-5-methyl-1-pyrroline-N-oxide) was used for the detection of superoxide anion radicals (O 2 À ) as well as hydroxyl radicals ( OH) and hydrogen radicals ( H). Due to economic reasons only selected data points (0, 0.2, 0.5, 0.8, 1% O 2 in Ar, 100% Ar, untreated and gas ctrl.) were measured using BMPO as a spin trap. Both spin traps were supplied from Dojindo Laboratoire (Kumamoto, Japan). For all EPR measurements, the spin trap was added to the phosphate buffer prior to plasma treatment to ensure trapping of all plasma generated radicals in the solution. Prior to plasma treatment, an untreated spin trap solution (spin trap dissolved in phosphate buffer) was measured. Briefly, 50 mL of the treated or control solution was transferred to a borosilicate glass tube (125 mm length, 0.8525 mm inner diameter), and measured with a fixed delay of three minutes. EPR spectra evaluation was performed by using Bruker's Xenon software (Bruker BioSpin, Rheinstetten, Germany). Using the spin counting functionality and by calibrating the spectrometer, the absolute spin number could be determined. More details about the EPR procedure can be found in a previous publication. 
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Results & discussion
In the following, possible reaction mechanisms that can lead to the generation of NO in systems are discussed. In the first paragraph below, the solvation of gaseous NO in the liquid is analysed since it is known from the literature 5, 44 that the investigated plasma source produced NO in the gas phase.
This process could be excluded as the predominant process for the origin of the liquid phase NO. Therefore, in the following paragraph the focus is on the formation pathways yielding liquid phase NO. Starting with a brief review regarding the relevant mechanisms that occur in the gas phase via the interfacial region, the bulk region, furthermore, multi-phase reactions and destruction reactions of NO are discussed.
Solvation of gaseous NO
A previous study by Schmidt-Bleker et al. has shown that the generation of NO x in the gas phase by the kINPen operated with an O 2 /N 2 feed gas admixture can be enhanced by humidifying the feed gas. 5 That study has also shown that NO can also be detected in the far field (12 mm or more in front of the nozzle 5 ) of the jet, if the feed gas is humidified and a N 2 gas curtain is applied. However, it is noted that in the near field ( (6) and (7)), the detected downstream nitrogen oxides (H x NO y ) are an indicator of the presence of NO in the effluent. To investigate the possible solvation of NO in the buffer solution, argon gas with 40 ppm NO admixture guided through the kINPen without igniting the plasma was used as a control. The results of the control compared to the plasma-generated concentration of the NO spin adduct (INR) in the liquid are shown in Fig. 2 . For highlighting the difference obtained for NO concentration caused by plasma treatment and by just guiding an Ar + NO gas stream onto the liquid, in Fig. 2 already the plasma generated NO-adduct concentration is given. Details about the plasma treatment data are given in the following sections. Remarkably, to reach a similar INR concentration in the phosphate buffer solution, the pure gas treatment time had to be extended to 600 s, which was 20-fold of the plasma treatment time. Furthermore, the used NO-density of 40 ppm was more than fivefold higher than the estimated amount generated by the kINPen in the gas phase, which is calculated to be less than 8 ppm at maximum according to the following assumption. In order to estimate the maximum possible NO density in the gas phase, all nitrogen oxides measured via FTIR spectroscopy in the gas phase reported in Schmidt-Bleker et al. Hence, a pure solvation process of gaseous NO can be excluded, and it can be stated that the determined NO in the buffer solution had its origin in the liquid or at the gas/liquid interface region. The aqueous equilibrium concentration of a species at a given partial gas pressure is described by the Henry coefficient. ), 46 which are present in the gas phase at densities of up to 1 ppm according to a study of Schmidt-Bleker et al.
5
Since the detected liquid phase NO was not mainly generated in the gas phase and transferred into the liquid, other formation pathways have to be taken into account. Possible generation pathways of aqueous NO are discussed in the following.
NO formation
By the use of electron paramagnetic resonance spectroscopy and the nitronyl nitroxyl radical (NNR) as a spin trap, the NO adduct, imino nitroxyl radical (INR), was determined. This determined concentration of the NO adduct (INR) is given in Fig. 3 , whereby in Fig. 3a the concentration for humidified feed gas and in Fig. 3b for dry feed gas is shown as a function of the O 2 content in the feed gas. The feed gas composition was not always argon with 1% admixture (varied from 1% N 2 and 0% O 2 to 0% N 2 and 1% O 2 ) also pure argon (Ar) was used. With increasing O 2 content in the feed gas the INR concentration was raised until a maximal concentration of almost 3 mM for both humidified and dry feed gas. This maximal concentration was reached for an intermediate amount of O 2 in the feed gas before it decreased again. The controls, untreated buffer solution and gas treated (only feed gas without plasma ignition) yielded no INR signals. Ar treatment instead resulted in a formation of INR, whereby it differed for humid and dry feed gas. Only with humidity added to the feed gas is the concentration detectable. In addition, the maximum in INR formation was at different intermediate O 2 contents in the feed gas depending on whether humid or dry feed gas was applied. For the dry condition, the maximum was shifted more to a higher O 2 content (0.6% to 0.8% O 2 ) whereas for humidified feed gas it was around 0.5% to 0.6% O 2 . The shift is only minor and by taking the error bars into account the maximum was for the humid and for the dry feed gas condition in the range between 0.5 or 0.4 to 0.9% O 2 , respectively. In the humid condition, there was also one plasma treatment condition where no INR was determined, more specifically, for a feed gas composition of 1% N 2 and 99% Ar. This was not the case for dry conditions, although the INR concentration for that feed gas admixture was by far the lowest detected. Even though there were differences observed for humid and dry feed gas, these were not so remarkable that it could be stated that one of these two condition yielded a surplus in INR, and therefore, NO-formation. In contrast, the observed dynamic of the INR concentration due to the feed gas admixtures of O 2 and N 2 have an important impact onto the NO-formation. Besides the NO formation via INR, the formed concentrations of NO 2 À ( Fig. 3c and d) and NO 3 À (Fig. 3e and f) are given as well as a function of the O 2 content in the humidified ( Fig. 3c and e) or dry feed gas ( Fig. 3d and f) . Other than INR, NO 2 À showed a remarkably different behaviour between the humid and dry feed gas; with humidified feed gas, the resultant concentrations were several fold higher than for dry feed gas. Furthermore, the maximal yielded NO 2 À concentration was found for 0.2% O 2 and 0.8% N 2 in the feed gas for both the humid and dry feed gas condition. NO 3 À did not alter much, although it was slightly more produced for 0%, 0.2%, and 1% O 2 in the humid feed gas than in the dry condition. Beside these nitrogen species also some potentially relevant oxygen species, O 2 À , OH, and H 2 O 2 as well as atomic hydrogen ( H) were investigated under the same conditions (see Fig. 4 ).
The radical adducts of O 2 À (Fig. 4a and b) , OH ( Fig. 4c and d) , and H ( Fig. 4e and f) were determined by EPR using BMPO as a spin trap. The concentration of H 2 O 2 is given in Fig. 4g and h. The behaviour of O 2 À (BMPO -OOH, Fig. 4a and b) showed only slight differences for humid or dry feed gas. Under the humid 
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condition, an O 2 content of 0.2% yielded the highest concentration, whereas the maximum was reached for dry feed gas for 1% followed by the 0% O 2 admixture. For 0% O 2 content in the humid feed gas instead, the lowest BMPO -OOH concentration was determined. The difference between the humid and dry feed gas was clearer for the OH (BMPO -OH, Fig. 4c and d) . There, the O 2 free conditions, pure Ar and Ar + 1% N 2 as dry feed gas, resulted in almost twice as high concentrations as for the humid feed gas. The other feed gas compositions did not vary between humid and dry. The difference between humid and dry was also observed for the same two pronounced feed gas compositions for H (BMPO -H, Fig. 4e and f) . Under the O 2 containing feed gas conditions no BMPO -H was detected. A strong relation of the H 2 O 2 concentration to humid feed gas was observed (Fig. 4g) , whereby pure Ar yielded the maximum. For dry feed gas (Fig. 4h) , pure Ar resulted as well in the highest concentration, although it was less than half of the one of the humid feed gas. A further difference was observed for Ar + 1% N 2 , a condition which resulted in higher H 2 O 2 concentration than all other dry feed gas compositions, whose concentrations were much lower.
In the following, other potential formation pathways than solvation are discussed and weighted in consideration of the above described measurement results.
Although the NO in the liquid phase was not predominantly generated in the gas phase and solvated in the liquid, at least some of the precursors of the liquid phase NO had their origin in the gaseous phase. Hence, in the following subsection a more detailed insight into the formation of several precursors in the gas and plasma phase is briefly reviewed. Following the gaseous phase reactions, the gas-liquid interface and the bulk liquid reaction involved in either precursor or direct NO formation are discussed. Furthermore, in the subsection 'multi-phase reactions' reactions which occur in more than one of the discussed phases are taken into account for the formation of NO in the liquid or at its interface.
Nitrogen oxides generated in gas phase processes. The generation of aqueous NO requires that at some point the strong N 2 -triple bond (bond energy of 9.79 eV) is broken. This process is likely to occur in the plasma, where excited species with high energies (e.g. excited Ar-species with energies of 11.5 eV and more) are available and lead to direct dissociation of N 2 via the reaction (1).
N 2 can also be excited through electron impact, e.g. forming metastable nitrogen N 2 (A) which carries 6.2 eV (ESI, † reaction (S1)). A numerical study of the kINPen operated with O 2 /N 2 feed gas admixtures suggests that gaseous NO is mainly formed through the reaction (2) .
Also the extended Zeldovich mechanism, which comprises the reactions (3)-(5) can remarkably contribute to the generation of gaseous NO.
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Note that the original mechanisms proposed by Zeldovich (reactions (3) and (4)) require elevated temperatures (typically 1000 K and more) to occur. Solely, the latter reaction (5) can occur at room temperature, and hence, may be the only one of high relevance in situations where plasma is brought into close contact with water. It yields OH and H from dissociation of water molecules (ESI, † reaction (S2)), where X* denotes an excited species (such as N 2 *, Ar*, or O(1D)) or electrons with sufficient energy to break the H-OH bond with a bond energy of 5.17 eV. 49 The latter reaction (5) also implies that generation of N or N 2 * as a precursor for the generation of NO in the liquid (reactions (2)- (4)) is unlikely to occur in the liquid itself, since reactive species with sufficient energy are most likely to dissociate water (ESI, † reaction (S2)). Hence, it is most likely that NO is either transferred from the gaseous to the liquid phase (discussed in paragraph 'Solvation of gaseous NO'), or generated though secondary reactions from further nitrogen oxides generated in the core plasma, or at the liquid interface. The dominant nitrogen oxides that can be expected in the effluent of the kINPen comprise NO 2 , which can be generated from NO by various oxidizing agents Y (such as O 3 , O, HO 2 ) in reactions of the form of reaction (6) and HNO 2 and HNO 3 , which are mainly generated in reactions such as reaction (7). 47 Y + NO -NO 2 + products (6)
Interface reactions. The solution was buffered yielding a pH of 7.3. While this solution does have a large bulk buffer capacity, it is unclear if it is sufficient to maintain a neutral pH at the surface of the liquid. According to the measurements by Schmidt-Bleker et al., HNO 2 and HNO 3 densities in the order of 1 ppm can be expected in the gas phase.
5 Applying Henry's law locally at the liquid surface suggests that 1 ppm of HNO 3 in the gas phase would be sufficient to create 350 mM HNO 3 and 60 mM HNO 2 in the liquid phase. While the actual concentration at the liquid surface can hardly be determined, it is noted that a local concentration of 175 mM HNO 3 is already sufficient to achieve a pH value of 3.0 (calculated numerically using aqion Pro, written by H. Kalka 50 ). At such pH levels, further reactions can take place that may contribute to the generation of NO, for instance, the generation of NO from nitrous acid, the protonated form of NO 2 À , which proceeds via formation of N 2 O 3 (ESI, † reaction (S3)) and reaction (8) .
Due to the low pK a = 3.4 of HNO 2 , the formation of N 2 O 3 (ESI, † reaction (S3)) is more likely to occur at low pH. However, numerical simulation suggests that during plasma treatment the H 3 O + concentration may indeed be several orders of magnitude higher in the interfacial region compared to that of the bulk liquid. 52 Therefore, these reactions could only take place in the interface. Another mechanism that is well-known in the context of plasma-treated liquids is the generation of peroxynitrous acid (ONOOH) in the reaction (9) Reaction (10) could also occur at the surface of the liquid, where the pH is low enough for relevant amounts of HNO 2 to exist.
The rate coefficient is also reasonably high (4.5 Â 10 8 M À1 s À1 ), thus reaction (10) could contribute to the generation of NO in the liquid. Assuming HNO 2 originated from the gas phase and H from the liquid, as was measured for two conditions in the bulk liquid (see Fig. 4e and f) , the presence of H required the absence of O 2 in the curtain gas. Moreover, the absence of O 2 in the feed gas was necessary as well to detect H in the bulk liquid. As shown in Fig. 4e 
While these reactions may contribute to the generation of aqueous NO, they are not likely to be the predominant mechanism leading to the generation of aqueous NO in the current set of experiments. By comparison of the measured trends for the NO adduct (see Fig. 3a and b) with the ones of the potential precursors, NO 2 À (see Fig. 3c and d) and H (see Fig. 4e and f), it becomes obvious that the trends do not fit each other. As mentioned during the discussion of reaction (10), BMPO -H was only detectable for pure Ar feed gas and Ar + 1% N 2 no matter whether the feed gas was humidified or dry. The NO adduct (INR) was instead not observable for dry Ar feed gas as well as for humid Ar + 1% N 2 feed gas. This is the first hint that the reaction is probably not the predominant pathway. In addition, by taking a closer look into the NO 2 À trends, also here, the observed concentrations are not suitable; pure Ar feed gas yielded only traces of NO 2 À in the bulk liquid under dry and humid conditions. Moreover, during treatment with humid Ar + 1% N 2 feed gas, NO 2 À as well as H were formed but no NO adduct was produced. These contrasts together with the fact that the concentration of the NO adduct was independent of humid or dry feed gas but the precursors assumed from reaction (11) were dependent on the humidity are contradictory. Hence, reaction (11) could be excluded as the dominant pathway. A relevant mechanism could be the generation of NO from NO 2 through reaction (13) .
While no rate coefficients were found for this reaction in liquids, the corresponding gas phase rate coefficient is (9)). Furthermore, also a formation in the gas phase such as the mentioned reaction (6) could be origin of that NO precursor.
The promoting effect of a N 2 curtain gas could have a double impact; on one hand the N 2 could be an additional source of the N-containing precursors as was discussed during the prior processes. On the other hand, it avoids the formation of huge amounts of gaseous O 3 which inhibits the formation of aqueous NO by destroying precursors necessary for its generation. 59 For instance, NO 2 À could effectively be removed from the liquid via
O 3 is a double-edged sword as well; it can also contribute to the formation of NO 2 via reaction with the gas phase NO (reaction (14)). Although the optimum for O 3 production was not under N 2 curtain gas, there will be still a relevant amount produced in the gas phase with an N 2 curtain, especially for higher admixtures of O 2 . 5 There, also the three body reaction of O with O 2 and a third body (M) takes place (reaction (15) (15) However, as mentioned above, an O-related process leading to an increase of NO production is more likely than an O 3 -related process preventing NO-production. The reason is that the NO density continuously rises from 0 to 0.6% O 2 content in the feed gas (see Fig. 3a and b) , while both O and O 3 can be expected to increase with additional O 2 content in the feed gas. At first sight, an O-related process cannot explain the measured INR density in the case using the N 2 curtain with the 1% N 2 feed gas admixture and dry feed gas (Fig. 3b) 35 For dry feed gas, the dissociation took place in the gas phase, whereas for the N 2 curtain with the 1% N 2 feed gas admixture, the process occurred in the interface. In the literature, the generation via a reaction of NO 2 À with H has been mentioned in an aqueous system (see reaction (11)). 55 H has recently been measured in the effluent of an Aroperated plasma operated with an Ar gas curtain jet. 62 Additionally, H can be generated from solvated electrons e À via the reaction with H + (see ESI, † reaction (S5)).
However, this process is unlikely in these experiments, since the effluent of the plasma jet does not directly touch the liquid surface.
In Fig. 3c-f , the generated concentrations of NO 2 À and NO 3 À after plasma treatment are given over the O 2 feed gas admixture, whereby, the concentrations given in Fig. 3c and e represented the humid and Fig. 3d and f the dry feed gas. Interestingly, there was a strong difference between these two; humidification of the feed gas yielded a much more pronounced formation of NO 2 À compared to NO 3 À . NO 3 À was detected in similar amounts for the humid and dry feed gas. In the latter case, also the NO 2 À was in the same concentration range, up to 8 mM. The difference in these two cases suggests that a NO 2 À -related mechanism may not be the predominant pathway of the liquid phase NO formation because the trend and amounts of NO formation are similar in the humid and dry feed gas (see Fig. 3a and b) . The observed trends for NO 2 À , NO 3 À and NO for dry feed gas are similar. In contrast, the trends for humid feed gas are not alike. Hence, in that case, the detected NO 2 À and NO 3 À is predominantly produced via a different pathway than via NO for the humid and dry feed gas condition; for instance, the solvation of gaseous HNO 2 and HNO 3 could be highly relevant.
Multi-phase reactions. In a plasma system, several other reactions could contribute to the formation as well as there are many reactive species present simultaneously. For instance, some reactions known from the gas phase could occur in the interface or the liquid as well. These reactions usually include oxygen species, for instance, O, O 3 , or OH (reaction (2) and reactions (16)- (21)). As the solvation processes could be excluded as the predominant pathway for the NO in the liquid and it was found that there was a difference in NO 2 À generation between dry and humid feed gas, further pathways most likely contribute to the formation of NO in the liquid. For instance, reactions containing other nitrogen centred radicals and/or oxygen radicals such as in reactions (12), (13), (14), (16)- (20) . (20) In general, another possible formation reaction of NO would be the reaction of O with N, which could be formed by plasma as well (reaction (20)). 67 The precursors had to be generated at least partially in the gas phase. To evaluate the reaction probability of nitrogen containing precursors with H, OH, or O 2 À , these three species were analysed by the use of spin trap enhanced EPR spectroscopy.
The concentration of the generated spin trap adduct for O 2 À /HO 2 , OH, and H was determined using BMPO as a spin trapping agent as it is able to distinguish between the O 2 À -and OH-adduct. 43, 68 In Fig. 4 , the resulting concentrations for the trapped O 2 À (a), OH (c), and H (e) are shown in the case of humidified feed gas admixtures and N 2 as the curtain gas. Interestingly, under plasma treatment conditions (with O 2 in the feed gas), where higher amounts of NO were detected (see Fig. 3a) , the concentration of OH was lower (see Fig. 4c ). In contrast, high OH-adduct concentrations were observed -pure Ar or Ar + 1% N 2 as feed gas -for conditions where no or just minor amounts of NO were measured after plasma treatment. Without the admixture of O 2 , the OH-adduct concentration was maximal (see Fig. 4c and d) . Moreover, when O 2 was present in the humidified feed gas, the BMPO -OH concentration was reduced by 50% or more. This dependence on the feed gas humidity indicated no direct linkage of the OH with the formation of NO. It could be also excluded that OH is consumed by the formation of NO, as there were treatment conditions where different concentrations of the OH adduct were detected, for instance the N 2 curtain gas with 0.2% or 0.8% O 2 admixture to the feed gas. Here, the determined concentrations of the NO spin probe adduct differed a lot whereas those of the OH adduct were similar. A similar situation was observable for humidified feed gas for the 0.2% and 1% O 2 feed gas admixture. For H, the observations were almost the same, besides that in the case of O 2 present in the humid feed gas no BMPO -H adduct was detectable, presumably because gaseous H quickly reacts with O 2 , leading to the generation of HO 2 (ESI, † reaction (S6)). This would also imply that solvation from the gas phase is the predominant source of H detected in the liquid or at least the formation in the bulk liquid or at the interface was hindered by presence of O 2 in the feed gas. Furthermore, H can also quite likely be generated at the liquid surface by dissociation of water; under O 2 -free conditions VUV radiation can reach the liquid surface as mentioned above. 35 For the kINPen09, the argon excimer radiation at 126 nm is present and is able to dissociate H 2 O. 35 As already discussed when considering the NO 2 À -formation, also H does probably not predominantly contribute to the production of NO via reaction (11).
The O 2 À -adduct behaved slightly differently; the lowest BMPO -OOH concentrations reached for these humidified plasma treatments were observed when only N 2 was added to the feed gas. When N 2 was used as the curtain gas, no diffusion of O 2 from the environment took place. Hence, the results for O 2 À were as expected when the O 2 À mainly originated from the gas phase. There, HO 2 will be generated and can be transferred to the liquid. 1, 5 33, 69 This was also shown here under these specific conditions. This will be discussed in more detail later on. For dry feed gas and N 2 curtain gas, the BMPO-adducts of O 2 À , OH, and H are given in Fig. 4b, d The fact that humidity yields no surplus for the formation of oxygen radicals in liquids is known from the literature, although, in that study only humidity but no O 2 and N 2 was added. 69 As mentioned above, the H 2 O 2 concentration in strongly linked to the feed gas humidity. Concentrations in Fig. 4g were detected after plasma treatment with humidified feed gas. The highest concentration, more than threefold higher than that of the others, was obtained for pure Ar. Interestingly, low amounts of O 2 , up to 0.2% yielded slightly higher H 2 O 2 concentrations than those for only N 2 or N 2 with 0.3% O 2 or more for humidified feed gas. For BMPO-OOH a similar increase was observed for the humidified feed gas and it is known from the literature that HO 2 /O 2 À could contribute to the formation of H 2 O 2 as well. 31, 45 This explained this slight increase. The other conditions all resulted in almost the same concentration, although the oxygen radical concentrations inside the liquid differed. This underlined the predominant formation of H 2 O 2 in the gas phase if humidity was added to the feed gas. 69 In contrast to the humidified feed gas, the dry feed gas yielded much lower H 2 O 2 concentrations for all cases of feed gas admixtures of N 2 and/or O 2 (Fig. 4h) . Between the 0.1% and 0.7% O 2 admixture the determined concentrations were in the range of the lower detection limit of the assay used, which was 1 mM according to the data sheet of the manufacturer. For higher amounts of O 2 , there was a slight increase observed, but not in the range of what was measured for the 1% N 2 admixture or for pure argon. Under these two conditions (pure Ar or Ar + 1% N 2 ), high energetic radiation or species such as V(UV) and metastable nitrogen were able to reach the liquid and dissociate water to OH (see subsection 'Bulk reactions'), 
As relevant amounts of BMPO-OOH have also been detected in the liquid (see Fig. 3a and b In the previous study concerning the reactive species output of the kINPen in the gas phase, NO x were produced in similar amounts either with N 2 curtain gas or with the synthetic air curtain. 5 However, in the present study, the synthetic air environment around the plasma plume completely inhibits the formation of aqueous NO (no INR was detected in this case; data not shown, the corresponding NNR signal is shown in Fig. 5 ).
Based on the mechanisms discussed in the literature, it is assumed that the exclusion of ambient O 2 will mainly have two effects: first, when ambient O 2 is excluded (while O 2 is still admixed to the feed gas), O is more likely and O 3 less likely to reach the liquid surface, as less O is converted to O 3 in the gas phase by reaction (15) . 1, 5 In a prior study, among others, the effect of the curtain gas on the oxygen species production was investigated. 77 There, also the suppression of the O concentration in the liquid in the presence of synthetic air surroundings was determined. In that study, increasing amounts of O 2 up to 1%, but no N 2 , were added to the feed gas. By the use of TEMPD-HCl as a spin probe O, 1 O 2 , or O 3 were detected after plasma treatment. Due to the gaseous formation processes, it could be stated that for direct treatment, as was the case in the here-presented study as well, the N 2 curtain gas mainly leads to the formation of aqueous O, whereas an extended treatment distance or a synthetic air curtain gas composition was dominated by the formation of O 3 . 77 This leads to the conclusion that O is an important precursor for aqueous NO, and in the presence of O 2 , O 3 is formed, which prevents the formation of aqueous NO. Therefore, using synthetic air as the curtain gas, it was expected that less or no NO-adducts are detectable in the plasma treated phosphate buffer. In contrast to the measurements using N 2 curtain gas using either humid (see Fig. 3a ) or dry feed gas (see Fig. 3b ), for synthetic air as the curtain gas no INR was detected. In Fig. 5 , the nitronyl nitroxyl radical (NNR) concentration is plotted as no INR was detected after plasma treatment. This was the expected result, as due to the presence of O 2 in the surroundings mainly O 3 is formed. Interestingly, the spin trap concentration from initially 60 mM was slightly reduced due to the plasma treatment. This destruction of the compound was most prominent in the case of pure argon as feed gas. Under this condition, only diffusing species from the surroundings into the plasma plume were excited, therefore, more highly energetic argon species reached the liquid and effected the spin trap therein. Besides the highly energetic argon species, also other radicals present in the liquid such as OH, O, and O 2 À could react with the spin trap compound yielding nonparamagnetic products. This point is discussed in more detail 
Conclusions
In the present study, the origin of NO was investigated. It was known from previous studies that different reactive species induced by the plasma jet have various origins. Here, it could be shown for the first time that liquid phase NO mainly originated from the bulk and interfacial region and not via solvation from the gas phase. This knowledge is of high importance for the impact of plasma treatment on targets, no matter whether they are biological targets or not. Increasing knowledge about the ongoing chemical reactions are essential for matching the treatment condition and the aimed application.
The predominant formation and destruction reactions are given in Scheme 1, where the most relevant reactions occurring in the different phases -gas phase, interface, and liquid phaseare put together. By combination of the measurements with knowledge about the gas phase chemistry of the plasma jet from the literature and theoretical considerations of possible formation reactions, the most likely reactions for NO production were determined: this pointed to the liquid in the direction of reactions of nitrogen species with O/O 3 , which are highlighted by red frames in Scheme 1. The elucidation of the relevant formation reaction added to the overall understanding of the induced chemistry by the kINPen09. Besides this, the elucidated optimum for the formation of NO by kINPen09 enables a regulation of the NO formation as desired in the application, for instance, for tailored therapeutic treatment in cancer medicine or wound healing.
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